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Abstract 
A spectral aging test was developed to estimate the photochemical damage of oil, 
acrylic and gouache paints exposed to permanent lighting. The paints were irradiated 
at seven different wavelengths in the optical range to control and evaluate their 
spectral behaviour. To reach this objective, boxes with isolated aging cells were made. 
In each of box, one LED of a different wavelength and one photodiode were installed. 
Inside the boxes, the temperature of an exhibit area was recreated through a 
thermocouple sensor that controlled the temperature using a fan. The heat produced 
by the LED was dissipated by a thermal radiator. Moreover, to evaluate the exposure 
time dependence of the irradiation level, the test was performed using two different 
irradiation levels in ten exposure series. After each series, the spectral reflectance was 
measured, and the data collected for each paint and wavelength were used to develop 
a model of damage produced by the interaction between the spectral radiant 
exposure and the paint. 
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Research aims 
A spectral aging test for visible radiation was developed for oil, acrylic and gouache 
paints. The study was conducted at high and low levels of radiation, and the results 
were consistent at both levels. To conduct the test, boxes of accelerated aging using 
LEDs as a light source were manufactured and characterized. Considering the 
absorbed radiation for each sample, a theoretical spectral aging model for each type 
of paint was developed, showing that the damage relation produced at different 
wavelengths varies with different aging conditions. A theoretical model was 
developed for each type of paint. A further model integrating the spectral component 
with the temporal component was also created.  
The temporal component has a significant influence in the process. If only certain 
some areas of a painting were restored, their aging time is different than that of the 
areas that were not restored. The colour shifts are higher when the paint is new. As a 
consequence, after some time, the colour of the restored areas will be different than 
the original colour. The proposed model could be applied to the development of 
optimized illuminant used in artworks painted with materials similar to those 
analysed in the present study. 
1. Introduction 
Care, preservation and exhibition of cultural heritage strongly depend on the 
museum environmental conditions [1, 2]. Lighting, one of the most important 
parameters, can also cause photochemical degradation [3, 4] if not properly 
monitored and controlled. Indeed, most organic and many inorganic substances 
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change with time and with light action, as can be appreciated in processes in nature. 
Both artificial and natural light can produce undesirable effects in exposed materials 
in museums [5, 6]. Colour change is usually the most obvious indication of light-
induced damage to cultural heritage.  
Cultural heritage can be affected and damaged through photochemical effects due 
to at least four main factors [4]: the irradiance, the exposure time, the spectral 
distribution of the light and the spectral response of the exposed material. 
The latter factor is difficult to determine due to the complex nature of the cultural 
heritage goods. Because museums have to address many different materials in 
different conservation statuses, the current research proposes several strategies to 
address this situation [4, 7, 8, 9 and 10]. 
For instance, Cuttle developed a model applied to the damage produced by light in 
several materials [7] and the CIE 157 defined a model to evaluate damage due to 
optical radiation [3, 4]. CIE 157 (model of Berlin) defines the damage suffered by an 
object exposed to light 𝐷𝑀 as a function of the spectral irradiance of the light source 
𝐸𝑑𝑚, the relative spectral responsivity of each exposed material 𝑠(λ) and the exposure 
time 𝑡, 
DM = f(Edm, s(λ), t).                  (1) 
According to this model, s(λ) can be expressed as, 
s(λ) = exp [-b (λ-300)]                  (2) 
where λ is the wavelength in nm, and the parameter 𝑏 is specific for each material 
expressed in standard CIE 157-2004. This function is normalized at a wavelength 
of 300 nm.  
Most of the time, the spectral responsivity of the materials does not give much 
practical information to optimize the light spectrum in museums because cultural 
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goods are analysed as a whole. Currently, multispectral analysis of each specimen is 
becoming a common technique. These measurements are also more accurate and 
require less time [11, 12 and 13].  
Spectral reflectance is an important parameter to evaluate the conservation status 
in cultural heritage, especially in the case of paintings. Indeed, the spectral data can 
provide relevant information to curators about the artwork they have to restore. For 
example, spectral data are useful for pigment identification [14], especially when a 
database of frequently used pigments is available [15]. These data are then used for 
physical characterization, forensic work, lighting purposes [16] and others [17, 18]. 
The spectral reflectance associated with other techniques can also provide 
information about subsurface microstructures [19]. Even in areas where colours 
appear similar to the naked eye, the spectral curves can show differences because 
metameric effects can occur [20]. 
Spectral reflectance is also a very important tool to evaluate the results of a 
retouching restoration process [21], where the only way to evaluate is the 
metamerismo with changes of illumination [22]. 
Furthermore, the painting damage can be calculated by measuring different 
physical and chemical parameters. One of the most useful parameters is the colour 
shift, which is symptomatic of chemical changes inside the material. When radiation 
falls onto the painted surface, only the absorbed radiation can produce a change in 
the material; therefore, the damage evaluation in this work was performed using this 
absorbed radiation. 
In principle, the absorbed energy is a function of the reflected energy. Given a light 
source with a spectral irradiance distribution Eλ, falling onto a material with a 
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spectral reflectance ρλ, the effective radiant exposure 𝐻𝑑𝑚 can be expressed as 
follows: 
Hdm = ∬ Eλ s(λ) α(λ)t,λ dt dλ                (3) 
where  α(λ) = (1-[ρ(λ) + τ(λ)]) is the spectral absorbance, i.e., the energy absorbed 
by the paints. In the case of this study, the transmittance τ(λ) is assumed equal to 
zero. 
An evaluation of the photochemical effect that takes into account absorbed energy 
implies a more sophisticated and time consuming analysis because it requires 
knowing the spectral reflectance factor of each cultural good, but the process would 
be more accurate and the results will be much better than when only irradiance of the 
surface is used. 
The purpose of this work is to develop a model for the spectral photochemical 
damage produced in three common materials found in museum objects, namely, oil, 
acrylic and gouache. These materials are often used to retouch old paintings; 
therefore, the exhibition curators should be able to compare future changes in 
restored areas with areas where the aging is due to natural effects.  
2. Methodology and experimental setup 
Thirty-nine paints were exposed to light to test the photochemical degradation 
process. The paints were selected by the curators of the Reina Sofía and Thyssen 
Museums of Madrid according to practical criteria, based on their experience. The 
paint samples comprised twenty-three oil, nine acrylic and seven gouache paints. The 
characteristics of the paints used in this work are presented in appendix Table A.1. 
Paint samples were prepared by application of a thin layer of paint onto glass 
plates of 250 𝑥 4 𝑥 2 mm (𝐿, 𝑊, 𝑇) through a standard paint extender with constant 
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thickness 120 μm [23]. Paint samples were then placed in a dark room in the 
laboratory at an average temperature of 25ºC for a drying process of 9 months before 
starting the aging test. Paint samples were put inside eleven aging boxes, each box 
containing 4 samples and 8 isolated areas (individual cells). Seven of these areas were 
irradiated and the last area was not irradiated but was used as a control zone. To 
increase the luminous uniformity, these cells had diffused white walls. As a radiation 
source for the aging process, seven LEDs with central wavelengths of 447, 470, 505, 
530, 590, 617 and 627 nm were used in the different isolated cells (Fig. 1). Current 
new lighting systems based on 𝐿𝐸𝐷 sources permit spectral distributions optimized 
to the requirements of museum exhibition and conservation and also offer other 
important advantages, such as low energy consumption and longer life times. [24] 
This configuration assured a specific irradiation level for each cell according to the 
LED characteristics, and the variation was taken into account by measuring the 
spectral power distribution of 77 LEDs (eleven aging boxes, seven LEDs in each aging 
boxes) using a 𝑆𝑡𝑒𝑙𝑙𝑎𝑟𝑛𝑒𝑡 𝐸𝑃𝑃2000 spectrophotometer. 
 
Fig. 1. Normalized spectral distribution of the 7 LED sources installed inside the aging boxes. 
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The aging process was tested at two different irradiation levels over the paint 
samples, in 10 sessions: 6 sessions at low irradiation level (LIL) and 4 sessions at high 
irradiation level (HIL). During the aging process, the spectral reflectance of each area 
was measured. 
 
Fig. 2. Experimental setup schematic and fragments of paint samples used in the research. 
To detect and to monitor possible breakdowns or an output radiation flux decrease 
from the LEDs, a photodiode was installed in each isolated cell of each box. Because it 
was not possible to assure an identical output flux for all LEDs at the same wavelength, 
the output flux of each LED in each cell was measured during the whole aging test 
over the paint samples plane and inside each cell using a 
𝑇ℎ𝑜𝑟𝑙𝑎𝑏𝑠 𝑃𝑀100 𝑈𝑆𝐵 power meter. Measurements were made at the paint samples 
centres of each cell (area of 0.5 mm radii). Table 1 shows an average irradiation level 
within the spectral range of 60.87 Wm−2 for 𝐿𝐼𝐿 and 158 Wm−2 for 𝐻𝐼𝐿, with both 
values lower than 500 Wm−2, the value proposed by ASTM D 4303-10 norm [25], and 
lower than 1440 Wm−2, proposed by ISO 11341: 2004 norm [26]. 
Furthermore, the irradiance uniformity of each cell was measured experimentally 
for each wavelength, finding the highest standard deviation at the radiation level at 
447 nm and the lowest at 590 nm (σ =  1.164). 
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Although the irradiance value at a certain wavelength varied with time on the 
exposed paint samples, the value used for the calculation of the total radiation was 
that measured experimentally for each position inside the cell and for each 
wavelength. 
To avoid heating of the paint surface, each box was provided with an aluminium 
heat sink with a fan. The temperature was measured in each aging box by means of a 
thermocouple installed inside the control area.  
Fig. 2 shows a schematic of the aging boxes. 
λ (nm) Low(Wm-2) High(Wm-2) 
447 139.5 344.5 
470 106.8 240.2 
505 61.8 131.2 
530 36.8 76.7 
590 17.2 22.9 
617 66.2 153.0 
627 58.7 139.4 
Table 1: Average irradiance values in each cell for LIL and HIL. 
2.1. Characterization of the paint spectral reflectance 
Spectral reflectance was measured using a PR-655 spectrophotometer 
equipped with an 𝑚𝑠 2.5𝑥 objective. The measurement area was a circle with a 
radius of 0.5 mm over the paint samples. Before measuring the spectral reflectance 
for each box, a calibrated reflectance standard of 99.8 % (Labsphere) was 
measured and used as a spectral reference. It is assumed that in every paint 
sample, the reference zone changes its spectral reflectance during the whole 
process. The paint samples were always measured at the same point using a 
micrometric displacement system, and the measured spectral reflectance was an 
average of three different measurements. As will be shown, even the zone not 
exposed to the visible radiation suffered some changes along the drying period due 
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to the ambient temperature and to the situations described later, in which light is 
not involved. 
Taking a specific area of the paint samples, the spectral reflectance in the 
control area (named as the zero area) at the beginning, i.e., without damage, is 
named as ρλ
0,0. A second measurement was taken in a non-radiated area (zero area) 
ρλ
0,i to verify whether the reflectance was modified (Fig. 3) and to apply these 
variations to the rest of the zones. The spectral change without light exposure due 
to non-photochemical action was evaluated as  
Δρλ
0,i =  ρλ
0,0 - ρλ
0,i                    (4) 
If the spectral reflectance measured for a paint sample in a cell 𝑐 at time 𝑖 was 
ρλ
c,i, then the reflectance change is  
Δρλ
c,i =  ρλ
c,0 - ρλ
c,i                    (5) 
Because these spectral changes are due to photochemical and non-
photochemical effects, the photochemical spectral changes can be determined by 
subtracting the previously deduced non-photochemical changes. Therefore,  
Δρλ
pc,i
 = Δρλ
c,i - Δρλ
0,i                   (6) 
where the upper index 𝑐 means the number of the cell (wavelength-dependent), 𝑖 
indicates the number of the aging cycle and 𝑝 makes reference to the 
photochemical effect. 
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Fig. 3. Diagram showing the reflectance differences between samples 11 and 14. The reflectance 
measurements performed in the non-illuminated zone (i.e., with no influence from the photochemical effect) 
are represented, from the beginning of the session with respect to the first measurement (Δρ0,1) and from 
the beginning of the session with respect to the second measurement (Δρ0,2). Δρ0,1 sample 11 and Δρ0,1 
sample 14 refer to the continuous line and dashed line, respectively. Δρ0,2 sample 11 and Δρ0,2 sample 14 
refer to the dashed-dotted line and dotted line, respectively. 
From the obtained reflectance values, chromatic coordinates 𝐿∗𝑎∗𝑏∗ were 
calculated because it is the most frequent space colour applied in cultural heritage, 
according to CIE 15:2004, and the colour space CIELAB [4] at two different times 
(initial and 𝑖) and ∆Eab
*  (colour difference) was calculated, according to the 
formula: 
∆Eab
* = √(∆L*)2 + (∆a*)2 + (∆b*)2               (7) 
2.2. Relative damage (𝑹𝒅)  
A relative damage factor Rd was introduced to give a value of the damage on the 
paints produced by the aging process related to the colour shift. Rd is defined as  
Rd =
∆Eab
*
Hdm
                      (8) 
where ∆Eab
*  is the colour difference (dimensionless), and 𝐻𝑑𝑚 is the effective 
radiant exposure in Whm−2. The parameter 𝑅𝑑, expressed in m2 W−1h−1, 
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provides the relation of the colour shift of the paint as a function of the total 
absorbed light radiation. A low value of this parameter signifies that the colour of 
the paint is very stable at that moment. 
Because the painting damage behaviour is different based on the material (oil, 
acrylic and gouache), the materials were studied separately to obtain models for 
each material.  
As a reference, if a painting is exhibited in a museum for 3500 ℎ𝑜𝑢𝑟𝑠 per year 
and is illuminated with an illuminant A1 with an average illuminance of 100 lx and 
a calculated equivalent irradiance of 0.6408 Wm−2, in 10 years of exposure, it will 
accumulate 3.5𝑥106 lx h, with an effective radiant exposure 𝐻𝑑𝑚 =
22026 Whm−2.  
In the ten measurement sessions for all paint samples, the irradiance values for 
the same wavelength (number of cell 𝑖) were similar. Although the values obtained 
have tolerances within the norm ISO 11341:2004 [26], the 𝐻𝑑𝑚 values, which take 
into account the absorbed energy, are different, even for the same wavelength in 
different paint samples. This difference is because spectral absorbance depends 
on the type of paint (oil, acrylic and gouache) because they do not behave in a 
homogeneous way.  
In the first measurement of each paint sample, the 𝐻𝑑𝑚 level was different because 
each paint sample absorbs a certain amount of energy and has different aging and 
𝑅𝑑 factors as a function of the source wavelength and the photochemical 
characteristics of the paint. 
                                                             
1 Illuminant A was chosen as an example because it is the most commonly used in museum 
illumination due to its high chromatic reproduction index (CRI). Any other illuminants in the CIE can 
be used for the calculations.  
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In the initial phase of the aging samples, the changes in 𝑅𝑑 are accelerated 
compared to the following stages, in which samples remain more stable. This 
result is consistent with the reciprocity law deduced by Hoyo and Mecklenburg, 
2011 (27), even though in our case this law has to be assumed dynamic. 
3. Results 
The results are the weighted average of the irradiance and colour shift of all paint 
samples, taking into account only the absorbed radiation as a whole in the complete 
wavelength range of the study (400 − 780 nm). 
3.1. Relative damage measured for oil, acrylic and gouache paint samples 
In this research, calculations of the percentiles 5% (𝑅𝑑 = 5%), 95% (𝑅𝑑 =
95%) and the Rd average value (𝑅𝑑_𝑀𝑒𝑎𝑛) for all paints were performed. Figure 
4 shows the results obtained for oil and gouache paints.  
Because the colour shifts in the initial phase are greater than in the final phases, 
presenting the graphs on a natural logarithmic scale enhances the visualization 
and understanding of the data.  
A new variable has been defined as 𝑋 = ln(𝐻𝑑𝑚), e.g., 𝑋 = 10 if 𝐻𝑑𝑚=22026. 
The 𝐻𝑑𝑚 data used in this research go from 𝑋 = 4 to 𝑋 = 11, values derived from 
the amount of energy 𝐸 irradiated onto the paint samples. 
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Fig. 4. Percentiles. Oil, LED 447 𝑛𝑚 and LED 627 𝑛𝑚 and gouache, LED 447 nm and LED 627 nm. Rd in 
m2 W-1h-1. 
Fig. 5 shows the calculated values of 𝑅𝑑 with respect to ln(𝐻𝑑𝑚) for oil paint 
samples. These values have been derived from the irradiance measurements from 
equations (3) and (8). 
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Fig. 5. Average value of the 𝑅𝑑 value calculated from the obtained measurements for oil paintings. Rd 
in m2 W-1h-1. 
Fig. 6 shows the 𝑅𝑑 values after a linear regression according to the model 
proposed in equation (11) for oil and gouache.  
3.2. Proposed model 
3.2.1. Proposed model for 𝑹𝒅 
In this research, and with the obtained values 𝑅𝑑 and 𝐻𝑑𝑚, a general model 
for 𝑅𝑑 is proposed for each type of paint, which is the result of a mathematical 
fitting between the relative damage 𝑅𝑑 and 𝑋 = ln(𝐻𝑑𝑚), such that  
𝑅𝑑 = e[𝑘1𝑋+𝑘2]                    (9)  
where 𝑘1 and 𝑘2 are obtained from the linear fitting between Rd and 𝐻𝑑𝑚, with 
both parameters derived from equations (3) and (8). 
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(The characteristics of 𝑘1 and 𝑘2 parameters used in this work are presented in 
appendix Table A.2.) 
3.2.2. Damage spectral model  
The model proposed by CIE 157 [4] shows a spectral relationship between 
damage and wavelength [equation (2)]. In this CIE model, the material 
responsivity is given by a scale factor (parameter 𝑏). Because the minimum 
wavelength used in this aging test was 447 nm, the relative damage factor at a 
certain wavelength λi (Rd(λi)) has been defined in this work as a function of 
the relative damage at the initial wavelength (𝑅𝑑(λ1)), where λ1 = 447 nm. 
 Rd(λi)  =  Rd(λ1) f(λ)                  (10) 
and 𝑓(λ) is the relative spectral responsivity [equation (2)]. Therefore, 
Rd(λi) = Rd(λ1) e
[-bλ(λi-447)]                (11) 
The scale factor 𝑏 of the previous equation [equation (11)] can be calculated 
as follows: 
b(λ) =
- ln 
Rd(λi)
Rd(λ1)
(λi - λ1)
                   (12) 
From the data obtained in this research, it can be deduced that the factor 𝑏 
is not constant in time. Therefore, the ratio between the relative damage for 
two different wavelengths (𝑅𝑑(λ1)/𝑅𝑑(λ2)) and two different effective radiant 
exposures (𝐻𝑑𝑚1 and 𝐻𝑑𝑚2) is not constant; for the same paint, the parameter 
𝑏 varies with time. 
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Fig. 6. Rd value from the proposed model for oil and gouache paints. In both cases, the wavelengths 
referred to in the research are used. Relative damage in m2 W-1h-1. 
As seen in Fig. 6, the results indicate that for gouache paints, the colour 
change is lower than when oil paints are used. For instance, for 𝑋 = 5, 
𝑅𝑑𝐿𝐸𝐷(447nm) = 0.051 for oil and 𝑅𝑑𝐿𝐸𝐷(447nm) = 0.018 for acrylic, whereas for 
gouache paint, 𝑅𝑑𝐿𝐸𝐷(447nm) = 0.0023, i.e., the relative damage is 2.83 and 22.1 
times larger when using oil paints than using acrylic and gouache paint, 
respectively. In the case of ∆Eab,oil (447 nm)
* = 7.56 for oil, the colour change is 
visible. According to different bibliographic references, values between 1 and 3 
are in the range where the human eye is able to distinguish a colour change [4, 
28-30]. However, for  λ = 627 nm, the 𝑅𝑑 value is 𝑅𝑑𝐿𝐸𝐷(627nm) = 0.0072 for 
oil, 𝑅𝑑𝐿𝐸𝐷(627nm) = 0.0063 for acrylic and 𝑅𝑑𝐿𝐸𝐷(627nm) = 0.0007 for gouache, 
i.e., the relative damage is 1.1 times larger when using oil paints than using 
acrylic and 10.28 times larger than using gouache paint.  ∆Eab,oil (627 nm)
* = 1.07 
for oil is on the threshold of being able to distinguish the colour change. For a 
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more advanced aging (𝑋 = 10), the damage at 447 nm is 6.1 times greater in oil 
than in gouache and 5.3 times larger in acrylic than in gouache, whereas at 
627 nm, the differences are 2.36 and 3.43 times, respectively. For all cases, the 
units of 𝑅𝑑 are given in m2 W−1h−1. 
If an oil paint is illuminated with monochromatic light of 100 lx as an 
average during ten years (3500 h/year) with a 627 nm LED, the irradiance will 
be 0.79 Wm−2, whereas if the LED wavelength is 447 nm, the irradiance will be 
2.72 Wm−2 (ΔEab
*  and 𝑅𝑑 after ten years are shown in Table 2). Each 
wavelength has a different 𝐻𝑑𝑚 and therefore the aging will be different.  
Wavelength 
(nm) 
E 
 (Wm-2) 
Hdm  
(Whm-2) 
X=ln(Hdm) Rd  
(m2 W-1h-1) 
ΔE*ab 
447 2.72 95200 11.46 9.1077e-005 8.67 
627 0.79 27650 10.23 1.2513e-004 3.46 
Table 2: Relative Damage value (𝑅𝑑) and colour difference ΔEab
* , for two types of 
illumination, an LED of 447 nm and LED of 627 nm, after ten years of aging for oil 
paintings. 
3.3. Application of Rd for illumination 
This study was conducted using seven monochromatic sources, but when the 
incident light is not monochromatic, to calculate the relative damage 𝑅𝑑 for certain 
exposure times (t1, t2, … , tn) at a certain wavelength, a fitting of the data was 
performed to interpolate for each specific wavelength, as seen in Fig. 7. 
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Fig. 7. 𝑅𝑑(𝜆)𝑡1 and 𝑅𝑑(𝜆)𝑡2 dependence on the wavelength for 𝑋𝑡1 = 9 and 𝑋𝑡2 = 10. Fitting of the data 
from each LED used (from 447 nm to 627 nm). Spectral relative damage 𝑅𝑑(𝜆) in 𝑊−1ℎ−1𝑚2𝑛𝑚1. 
When the light is not monochromatic, the most exact solution should be 
established by assuming the spectral energy distribution used in that case (E(λ)), 
and by making a weighted proportion with the values of Rd(λ). The 𝑅𝑑 total 
(𝑅𝑑𝑇𝑠𝑜𝑢𝑟𝑐𝑒) produced by the total irradiance of the illuminant source used 
(𝐸𝑇𝑠𝑜𝑢𝑟𝑐𝑒) can be expressed as 
RdTsource =
∑  (E(λ) Rd(λ))
ETsource
                 (13) 
with 𝑅𝑑𝑇𝑠𝑜𝑢𝑟𝑐𝑒 in m
2 W−1h−1, 𝐸(λ) in Wm−2nm−1, 𝑅𝑑(λ) in W−1h−1m2nm and 
𝐸𝑇𝑠𝑜𝑢𝑟𝑐𝑒 in Wm
−2. 
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Fig. 8. (left) Rd values for red and blue LEDs according to the proposed model for oil. Values 
corresponding to Xt1=9 and Xt2=10 are marked. Relative damage in m2 W-1h-1. (right) Value of spectral Rd 
(𝑅𝑑(𝜆)𝑡1 and 𝑅𝑑(𝜆)𝑡2) for the moment Xt1 (dotted line) and Xt2 (continuous line). Spectral relative damage 
(𝑅𝑑(𝜆)) in 𝑊−1ℎ−1𝑚2𝑛𝑚. 
Applying the example in section 3.2 to a real case, if an oil paint is illuminated 
with 𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑛𝑡 𝐴 (approximated to a tungsten lamp) at 100 lx and the value of 
𝑅𝑑 after certain time needs to be known, e.g., when the paint has been exposed to 
certain amount of radiation, with the proposed model, one can determine the 𝑅𝑑 
value for this illuminant. As an example, two radiation levels at different times 
were used, in particular, with 𝑋𝑡1 = 9 and 𝑋𝑡2 = 10. 
Fig. 8(a) represents the model proposed with the values 𝑋𝑡1 and 𝑋𝑡2. The 
continuous and dotted lines represent the 𝑅𝑑 for LEDs at 447 and 627 nm, 
respectively. To use the model, the value of equation (7) 𝑅𝑑𝐿𝐸𝐷(447 nm) =
e(𝑘1 𝑋+𝑘2) is applied, using the 𝑅𝑑 value of the LED at 447 nm. However, any other 
value can be used as a reference 𝑅𝑑 = e(𝑘1 𝑋+𝑘2)), with X either 𝑋𝑡1 = 9 or 𝑋𝑡2 =
10, dependent on the amount of irradiance (time) to which the paint samples have 
been exposed. 
If an LED at 447 nm is used, then 𝑘1 = −1.0080 and 𝑘2 = 2.60696. 
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The 𝑅𝑑 value of an LED at 447 nm is 𝑅𝑑𝐿𝐸𝐷(447 nm) = 9.17e
−04 for 𝑋𝑡1 and 
3.98 e−04 m2 W−1h−1 for 𝑋𝑡2, whereas 𝑅𝑑𝐿𝐸𝐷(627nm) = 2.95e
−04 and 1.13 e−04 
m2 W−1h−1, for 𝑋𝑡1 and 𝑋𝑡2, respectively.  
The spectral values for 𝑅𝑑 using the model can be derived from equation(11) 
 Rd(λi) = RdLED(447 nm) e
[-bXt1model  
(λi-λ1)] = 9.17 e[-0.0045 (λi-447)], for 𝑋𝑡1 = 9 
where λi is a wavelength between 400 and 780 nm, bXt1model  is the parameter 
obtained after using the model described in 3.4 and  Rd(λi) is the spectral relative 
damage. As seen in Fig. 8(b), a shorter radiation wavelength provides a larger 
energetic value, i.e., the paints age more rapidly than when using longer 
wavelength radiation. If we take into account these values and want to know how 
much 𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑛𝑡 𝐴 (or any other illuminant) changes the relative damage, the 
following expression can be applied 
RdT_illuA =
∑(E(λi) Rd(λ))
ET_illuA
= 0.00025 m2W-1h-1, for 𝑋𝑡1 = 9 
𝑅𝑑𝑇_𝑖𝑙𝑙𝑢𝐴 is the value of the relative damage for 𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑛𝑡 𝐴. Table 3 shows the 
results for 𝑋𝑡1 and 𝑋𝑡2. 
Illuminant 
Paint 
samples 
X=ln(Hdm) 
Hdm 
(Whm-2) 
𝑹𝒅𝝀(𝑳𝑬𝑫_𝟒𝟒𝟕𝒏𝒎) 
(𝐖−𝟏𝐡−𝟏𝐦𝟐𝐧𝐦𝟏) 
b 
(according to 
model) 
𝑹𝒅𝑻_𝒊𝒍𝒍𝒖𝑨 
(m2 W-1h-1) 
Illuminant 
A (LED 447 
nm) 
 
Oil 
Xt1=9 8103 9.17e-04 0.0074 2.51E-04 
Xt2=10 22026 3.98e-04 0.0062 1.08E-04 
Acrylic 
Xt1=9 8103 4.95e-04 0.0055 1.82E-04 
Xt2=10 22026 1.99e-04 0.0050 7.84E-05 
Gouache 
Xt1=9 8103 2.73e-04 0.0042 1.24E-04 
Xt2=10 22026 1.61e-04 0.0035 7.31E-05 
Table 3: Values of Rd with the proposed model in a room illuminated with illuminant A at 
100 lx (𝑅𝑑𝑇_𝑖𝑙𝑙𝑢𝐴) and LED of 447 nm  Rd(λ), and values of b for the proposed model, for two 
aging times 𝑡1 = 9 and 𝑡2 = 10, corresponding to 𝑋𝑡1 = 9 and 𝑋𝑡2 = 10, respectively, over 
oil, acrylic and gouache paints. 
- 21 - 
Similar to that described for the oil application, if the acrylic paint samples are 
radiated with an 𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑛𝑡 𝐴 at 100 lx and with an equivalent quantity at 𝑋𝑡1 =
9 and 𝑋𝑡2 = 10, the 𝑅𝑑 total value calculated using the model is the same as that 
used for oil. The values 𝑘1 = −0.9128 and 𝑘2 = 0.6037 for the 𝑅𝑑 calculation are 
used with an LED at 447 nm in acrylic samples. Table 3 shows the obtained results. 
Continuing with the application, if the gouache samples are radiated with 
𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑛𝑡 𝐴 at 100 lx and with an equivalent quantity at 𝑋𝑡1 = 9 and 𝑋𝑡2 = 10, 
the 𝑅𝑑 total value calculated using the model is the same as that used for oil. Values 
of 𝑘1 = −0.5294 and 𝑘2 = −3.4404 for the 𝑅𝑑 calculation are used with an LED at 
447 nm in the gouache samples. The spectral values of 𝑅𝑑 of the model for 𝑋𝑡1 and 
𝑋𝑡2 are presented in table 3. 
3.4. Time dependence of b parameter 
Fig. 9 emphasises the calculation of the modified  b(λ) parameter for each 
wavelength obtained with equation (12) with respect to that proposed by CIE 157. 
The 𝑏(λ) value changes with 𝑅𝑑 and with respect to the wavelength, showing the 
same trend in all cases.  
When the paint is new, the difference between 𝑅𝑑 at a specific wavelength (λ𝑖) 
and 𝑅𝑑 at the reference wavelength (λ1) is higher than when the paint is older. In 
the same way, the 𝑏 parameter has a strong time dependence and is lower when 
the paint is old, which means that the difference at the two wavelengths is less 
important. The damage spectral analysis is therefore less relevant for old 
paintings. 
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Fig. 9. Values of 𝑏(𝜆) for oil for each wavelength of the source used in this study. 
This difference allows the use of a linear accessory to obtain a 𝑏 parameter that 
is not wavelength dependent (dotted line in Fig. 10). The corresponding equation 
for oil is 
boil = -0.0012 ln(Hdm) + 0.0182             (14) 
In Fig. 10, the dashed-dotted line shows the variation of 𝑏 for acrylic. The same 
linear fit as in oil paints was made for acrylic samples to derive the value of  b(λ), 
bacrylic = −4.57e
−04 ln (Hdm) +  0.0096          (15) 
In Fig. 10 the continuous line shows the variation of 𝑏 for gouache. The linear 
fit for gouache samples provided the following value of 𝑏  
bgouache = -6.68e
-04 ln (Hdm) +  0.0102         (16) 
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Fig. 10. Values of b according to the proposed model for oil (dotted line), acrylic (dashed-dotted line) 
and gouache (continuous line), with the value obtained using equations (14),(15)  and (16). 
Taking the oil as a reference and using equation (11), the relative damage 
(Rd(λi)/Rd(λ1) produced by a source of illuminance that radiates at different 
wavelengths can be derived for a certain period of time. For instance, if the values 
of λi =  627 nm and λ1 =  447 nm are considered, then 𝑋 = 4, 𝑏 = 0.0134 
(calculated from equation (14)) and Rd(λi) = 0.0893 Rd(λ1). 
If 𝑋 = 10, then 𝑏 = 0.0047 and  Rd(λi) = 0.39 Rd(λ1). The value obtained 
indicates the relative damage of the paint depending on the time that it has been 
radiated and the spectral characteristics of the source used. The results indicate 
that radiation at shorter wavelengths has a major effect on the relative damage 
when it has been radiated for short periods of time. As the paint is exposed to 
longer periods of time, the relation between the damage at short and long 
wavelengths decreases. The relation that allows determining the damage 
behaviour in oil, acrylic and gouache paints due to the illuminant used in an 
exhibition provides a value that can be used to determine the most suitable type 
of illuminant. 
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If a comparison is made with the value 𝑏 = 0.0115 given by the CIE 157, it can 
be seen that this is an intermediate value, equal to the value obtained in our model 
for 𝑋 = 4.7.  
4. Conclusions 
The accurate estimation of the real aging of paints in art exhibitions requires 
knowledge of the spectral sensitivity of the paint, as well as the spectral 
characteristics of the incident light. The main advance of this research has been the 
development of a spectral model,  Rd(λ), which can help to define the spectral 
characteristics of an optimized illuminant, allowing for the quantification of how this 
spectral distribution produces aging in a painting over time. 
From this research, parameter 𝑏, which is not constant in time, was found. This 
parameter decreases as the paint ages. This trend is not linear in the studied 
materials. In the acrylic samples, 𝑏 decreases 1.69 times from 𝑋 = ln(𝐻𝑑𝑚) = 4, and 
in the oil samples, it decreases 2.61 times in the same range. Therefore, the 
differences between the wavelengths of a specific light source are higher in young 
paints than in old ones. In gouache samples, the variation of 𝑏 is 2.63 times smaller. 
To determine the b parameter behaviour with different materials, future studies 
should investigate these result with longer periods of exposure to light. 
The model developed in this study provides useful information about the colour 
shift of a restoration process in an old painting, which can be used by the museum to 
estimate how much time a light source can be used to illuminate a painting without 
suffering a colour change that is appreciable by the visitors or, in other words, to 
calculate the maximum irradiance that can be applied over a painting to maintain it 
without a colour shift for a specific period of time. 
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